Abstract Mild traumatic brain injury (mTBI) represents a major and increasing public health concern and is both the most frequent cause of mortality and disability in young adults and a chief cause of morbidity in the elderly. Albeit mTBI patients do not show clear structural brain defects and, generally, do not require hospitalization, they frequently suffer from long-lasting cognitive, behavioral, and emotional problems. No effective pharmaceutical therapy is available, and existing treatment chiefly involves intensive care management after injury. The diffuse neural cell death evident after mTBI is considered mediated by oxidative stress and glutamate-induced excitotoxicity. Prior studies of the long-acting GLP-1 receptor agonist, exendin-4 (Ex-4), an incretin mimetic approved for type 2 diabetes mellitus treatment, demonstrated its neurotrophic/protective activity in cellular and animal models of stroke, Alzheimer's and Parkinson's diseases, and, consequent to commonalities in mechanisms underpinning these disorders, Ex-4 was assessed in a mouse mTBI model. In neuronal cultures in this study, Ex-4 ameliorated H 2 O 2 -induced oxidative stress and glutamate toxicity. To evaluate in vivo translation, we administered steady-state Ex-4 (3.5 pM/kg/min) or saline to control and mTBI mice over 7 days starting 48 h prior to or 1 h post-sham or mTBI (30 g weight drop under anesthesia). Ex-4 proved well-tolerated and fully ameliorated mTBI-induced deficits in novel object recognition 7 and 30 days post-trauma. Less mTBI-induced impairment was evident in Y-maze, elevated plus maze, and passive avoidance paradigms, but when impairment was apparent Ex-4 induced amelioration. Together, these results suggest that Ex-4 may act as a neurotrophic/neuroprotective drug to minimize mTBI impairment.
Introduction
Traumatic brain injury (TBI) is occurring more commonly and, according to the World Health Organization, with an estimated 10 million people affected annually worldwide (Hyder et al. 2007 ), it will soon outstrip many common diseases as the major cause of death and disability (Zitnay 2005) . With a high morbidity and mortality, and no specific therapeutic treatment (Garner and Brett 2007; Howard and Shapiro 2011) , TBI has become a pressing public health and medical problem. The highest incidence of TBI is among young adults (15 to 24 years age) as well as in the elderly (75 years and older). Mild (m) to moderate TBI predominates and accounts for 80-95 % of cases, with severe TBI accounting the remainder (Tagliaferri et al. 2006) . The elderly are particularly vulnerable to mTBI that, often associated with falls, carries an increased mortality and worse functional outcome following lower initial injury severity (Susman et al. 2002) .
The pathology underpinning head injury is becoming increasingly better understood. As a consequence of mechanical forces inducing shearing and compression of neuronal and vascular tissue at the time of impact, a cascade of pathological events may then follow leading to further brain injury. This ensuing secondary injury may be amenable to intervention and is worsened by secondary physiological insults. Specific risk factors for poor outcome after TBI have been recognized. Some of these are established at the time of injury, such as age, gender, mechanism of injury, and presenting signs, whereas others, such as hypoxia, hypotension, and hyperglycemia, are potential areas for medical intervention (Moppett 2007) . Although prompt and specialist neurocritical care is associated with improved outcome, to date, no drug treatments have proved to be successful in improving the outcome (Moppett 2007) .
Irrespective of the type of induction, the resulting mTBI leads to a broad spectrum of neurological deficits, including cognitive impairments (Levin 1998; Schultz et al. 2011; Hesdorffer et al. 2009 ) that may significantly influence quality of life even after recovery from physical disabilities (Oddy et al. 1978 (Oddy et al. , 1985 Oddy and Humphrey 1980) . Recently, clinical and experimental publications demonstrate that mTBIinduced cognitive changes manifest, in large part, as deficits in hippocampal-dependent functions of learning and memory, including spatial information processing (Bramlett et al. 1997; Dixon et al. 1999; Levin 1998 ). The underlying mechanisms for these effects have remained elusive, although a variety of pathophysiological processes including oxidative stress, neuroinflammation, ischemia, neuronal degeneration, elevated excitatory neurotransmitters (e.g., glutamate excitotoxicity), loss/disruption of synaptic connections, or altered synaptic physiology have been implicated (Lyeth et al. 1990; McIntosh et al. 1998; Raghupathi et al. 2000; Tweedie et al. 2007; Frankola et al. 2011) . Whether a single process or a combination of several processes, it is possible that effective mechanism-based treatment strategies that have proven effective in other disorders in which similar cascades of biochemical and cellular events are controlled could be assessed and, if useful, repositioned for mTBI.
Prior studies of the long-acting GLP-1 receptor agonist, exendin-4 (Ex-4), an incretin mimetic approved for treatment of type 2 diabetes mellitus (T2DM) (Gallwitz 2011; Lovshin and Drucker 2009) , demonstrated its neurotrophic/protective activity in cellular and animal models of stroke, and Alzheimer's and Parkinson's diseases (Perry et al. 2002 Bertilsson et al. 2008; Harkavyi et al. 2008; Li et al. 2009 Li et al. , 2010b Holscher 2010; Salcedo et al. 2012) , and, in line with the commonality in mechanisms underpinning these disorders (Zipp and Aktas 2006) , Ex-4 is studied in the present communication in cellular and mouse models associated with mTBI. We demonstrated that Ex-4 fully ameliorates the toxicity associated with oxidative stress and glutamate toxicity in neuronal cultures, events reported to occur in mTBI. In vivo translation was subsequently assessed in a classic mouse model of mTBI, involving a weight drop of 30 g under anesthesia, in which prior and postadministration of Ex-4 proved to be well tolerated and fully ameliorated mTBI-induced impairments.
Methods

Cellular studies
Cultures Human SH-SY5Y neuroblastoma cells: SH-SY5Y cells were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and grown in a 1:1 mixture of Eagle's Minimum Essential Medium and Ham's F12 Medium supplemented with 10 % heat-inactivated fetal bovine serum (FCS) and 100 U/mL penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA). These cells were maintained at 37°C in a humidified incubator (5 % CO 2 and 95 % air). Their culture medium was changed every other day and cells were split in a 1:3 ratio every 5 days (0.25 % trypsin, 0.53 mM EDTA solution) or when they reached approximately 80 % confluence.
Rodent primary cerebral cortical neurons: An area of cerebral cortex was removed from embryonic day 15 Sprague-Dawley rats and dissociated by mild trypsinization. Equal numbers of cells were initially seeded onto 96-well plates in media [DMEM-12 media containing 2 % B27 supplement (Invitrogen), 10 % HI-FBS, 0.5 mML-glutamine, and 25 μM L-glutamate] at a density of approximately 6×10 4 cells/well. From day 3 in vitro (DIV), cultures were maintained in feeding media [neurobasal medium containing 2 % B-27 supplement (Invitrogen) and 0.5 mML-glutamine] in a 5 % CO 2 / 21 % O 2 atmosphere at 37°C. In parallel, cultures of human SH-SY5Y neuroblastoma cells were grown to 80 % confluence (in 1:1 Eagle's minimal essential media and Hams's F12 medium+10 % fetal bovine serum).
RT-PCR Total RNA was extracted from primary cerebral cortical neurons (DIV 10) as well as from SH-SY5Y cells with TRIzol reagent (Invitrogen). Specifically, cells from ten wells were pooled for RNA extraction, whose RNA quantity and quality were evaluated by spectrophotometer at 260-and 280-nM wavelength. Prior to RT-PCR, 1 μg of RNA was treated with DNase I (Ambion Inc.) in order to degrade genomic DNA. Thereafter, 50 ng of treated RNA was assessed for each one-step RT-PCR reaction (QIAGEN OneStep RT-PCR Kit). The primers used were as follows: rat GLP-1R , forward: 5′ AGTAGTGTGCTCCAAGGGCAT 3′ and reverse: 5′ AAGAAAGTGCGTACCCCACCG 3′, showing the expected PCR product of 190 bp; for rat GAPDH, forward: 5′ GACCTGCAGAGCTCCAATCAAC 3′ and reverse: 5′ CACGACCCTCAGTACCAAAGGG 3′, showing the expected PCR product of 214 bp. To provide a positive control, RNA was similarly extracted from a line of CHO cells permanently transfected with rat GLP-1R. The conditions for RT-PCR were similar for both GLP-1R and GAPDH, and were 50°C for 30 min; 95°C for 15 min followed by 35 cycles of 95°C for 30 s, 56°C for 30 s, and 72°C for 30 s; then 72°C for 10 min. For the human SH-SY5Y neuroblastoma cells, the primers for the human GLP-1R were forward 5′ TCAAGGTCAACGGCTTATTAG 3′ and reverse 5′ TAACGTGTCCCTAGATGAACC 3′, showing the expected PCR product of 480 bp. Secondary primers (a second pair of human GLP-1R primers) were forward 5′ TTCTGCAACCGGACC 3′ and reverse 5′ CAAGTGCTCAAGCCG 3′, with an expected product size is 1.1 kb.
GLP-1R activation
To determine whether GLP-1Rs expressed on mouse primary cerebral cortical neurons were functional, cells (DIV 10) were exposed to Ex-4 (100 nM) or vehicle (culture media), and cAMP levels were quantified (EIA kit; Assay Designs, Ann Arbor, MI, USA).
GLP-1R mediated neuroprotection
As oxidative stress (Bauer and Fritz 2004) and glutamate toxicity (Faden et al. 1989; Hinzman et al. 2010 ) have been implicated in the pathophysiology of mTBI, SH-SY5Y neuronal cultures were challenged with either oxidative insult (H 2 O 2 ) or excess glutamate to assess GLP-1R-mediated neuroprotective actions. Initial doseresponse studies were undertaken to choose a concentration of glutamate or H 2 O 2 and an exposure time to induce a significant but incomplete level of cellular toxicity. Based on these preliminary studies, cultures were treated with Ex-4 (10 or 100 nM) or vehicle (media) and exposed to 100 or 200 μM H 2 O 2 for 2 h or to 100 mM glutamate. Twenty-four hours thereafter, cell viability was assessed by MTS (Promega) and LDH (Sigma) assays.
As assessed by translation from a human immortal cell line possessing neuronal characteristics to primary neuron cultures, rodent primary cerebral cortical neurons were exposed to excess glutamate (100 μM), a concentration likewise chosen from preliminary doseresponse studies, in the presence and absence of Ex-4 (300 nM) to assess GLP-1R-mediated protective activity. Specifically, DIV11 cells were treated with B27 media lacking antioxidants (B27-AO; Invitrogen). On DIV 13, cells were treated with Ex-4 and challenged with glutamate (10 μM). Thereafter, cell viability was assessed 24 h later by lactate dehydrogenase (LDH) assay (Sigma, St Louis, MO, USA) or 48 h later using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS; Promega, Madison, WI, USA).
Mouse in vivo studies
Mice To elucidate translation to a relevant animal model, experimental mTBI was induced in mice with and without prior or post-administration of Ex-4 using a weight drop concussive head trauma device, described previously (Milman et al. 2005; Tweedie et al. 2007; Zohar et al. 2011) . In this regard, male ICR mice weighing 30-40 g were maintained five per cage under a constant 12-h light/dark cycle at room temperature (22±2°C), and were provided food (Purina rodent chow) and water ad libitum. Each mouse was used in a single experiment and for one time point alone. The Ethics Committee of the Sackler Faculty of Medicine approved the experimental protocol (M-09-055), in compliance with the guidelines for animal experimentation of the National Institutes of Health (DHEW publication 85-23, revised, 1995) .
Brain injury In accord with published procedures (Milman et al. 2005; Tweedie et al. 2007; Tashlykov et al. 2009; Baratz et al. 2010b ), mice were lightly anesthetized (isoflurane) and placed under this device. The device consisted of a metal tube (inner diameter 13 mm), which was vertically positioned over the mouse head. A metal weight (30 g) was dropped through the tube (80 cm length) to strike the skull on the temporal right side, between the corner of the eye and the ear. A sponge was positioned to support the head, which allowed antero-posterior motion without any rotational head movement at the moment of impact. Immediately after injury, mice were placed into their cages for recovery. As described previously, mice rapidly recovered from anesthesia following mTBI and, as assessed with a battery of general neurological test 24 h later (Milman et al. 2005; Tweedie et al. 2007) , appeared both normal and indistinguishable from a sham group. The effect of the injury was then studied at 7 and 30 days following the trauma, using different groups of mice at each time point. Sham mice followed the same mTBI procedure, but the weight was not dropped.
Exendin-4 administration Ex-4 was administrated via osmotic minipumps (model 1007D; Alzet, Cupertino, CA, USA) subcutaneously (s.c.), similar to the route of administration of this agent clinically. Specifically, mice were anesthetized using ketamine/xylazine. A small asceptic incision was made on the left side of the lower back to allow minipump s.c. implantation in a position that minimally affected the mice, and the incision was aseptically closed. Mice were kept under a warming lamp throughout the entire procedure in order to maintain body temperature. Two different protocols were followed for minipump implantation:
(1) pumps were initially implanted and mTBI was induced 48 h later, and (2) pumps were implanted immediately after the trauma. In this manner, Ex-4 was administered continuously at a dose of 3.5 pM/ kg/min (equivalent to 21 μg/kg/day) over seven consecutive days, achieving this level of administration some 6 h after pump insertion.
Behavioral tests A battery of behavioral tests focusing on cognition was conducted at 7 and 30 days in separate groups of identically treated mice with and without mTBI injury. Specifically, four behavioral tests were administered: Y maze, novel object recognition, elevated plus maze, and passive avoidance. The passive avoidance task was chosen as the final evaluation because of its aversive nature.
Novel object recognition paradigm This task was used to evaluate visual recognition memory, as previously described for mice (Messier 1997) , and is based on the innate tendency of rodents to explore new objects within their environment. Assessment of this natural tendency enables a determination of whether an animal is able to discriminate between a familiar object and a novel one. Mice were individually habituated to an open field plexiglass box (59×59×20 cm size) for 5 min, 48 h prior to the test. During the acquisition phases, two identical objects (A and B) were placed in a symmetric position within the arena for 5 min. These objects were suitably heavy and high to guarantee that mice could neither move nor climb over them. Twenty-four hours following this acquisition phase of training, one of the objects (either A or B, randomly) was substituted with a novel one (C), and the animal's exploratory behavior was again evaluated over 5 min. Following each session, all objects were meticulously cleaned with 70 % ethanol to preclude odor recognition. Exploration of an object was defined as rearing on the object or sniffing it at a distance of less than 2 cm and/or touching it with the nose. Successful recognition was manifested by the preferential exploration of the novel object. A discrimination preference index was determined as follows: (time near the new object−time near the old object)/(time near the new object+time near the old object) (Dix and Aggleton 1999) .
Y maze paradigm This test was chosen to assess spatial memory. The maze consisted of three identical arms separated by a 120°angle and built from black plexiglass (Baratz et al. 2010a) . Each arm was 8×30× 15 cm and differed solely by the presence of unlike visual cues (a triangle, square, or a circle). One arm was randomly selected as the "start" arm. On the first trial, lasting for 5 min, each mouse was placed into the start arm and one of the two remaining arms was randomly blocked to limit access. In contrast, during the second trial, lasting for 2 min, all arms of the maze were open. These two trials were separated by a 2-min interval, during which the mouse was returned to its home cage. The time spent in each of the arms was measured during the two trial periods. Between trials, the maze was thoroughly cleansed using a 70 % ethanol solution and was then dried. A discrimination preference index was calculated as follows: (time in the new arm−time within the familiar arm)/(time in the new arm+time within the familiar arm) (Dix and Aggleton 1999) .
Elevated plus maze This paradigm assessed anxietylike behavior of the animals (Zohar et al. 2011) , utilizing a maze comprised of two identical open (30×5× 0.25 cm) and two identical closed arms (30 × 5 × 15 cm) to form a "+" shape. Each two identical arms were placed against each other, and the entire apparatus was elevated 60 cm above the floor. To initiate the test, mice were placed at the center of the "+" shaped maze, facing an open arm. They were then allowed to explore the maze for 5 min. The apparatus was carefully cleaned between mice with 70 % ethanol and, thereafter, dried. The number of entries to the open/ closed arms was quantified and the time that each mouse spent on the open arms was measured. The longer duration that animals were willing to spend within the open arms has been associated with a lower anxiety-like behavior (Belzung and Griebel 2001) .
Passive avoidance paradigm This task was used to assess simple non-spatial learning and memory abilities (Zohar et al. 2011) . The passive avoidance apparatus (San Diego Instruments, San Diego, CA, USA) was constructed of black plexiglass (48×22×22 cm) and consisted of two separate chambers of equal size. One compartment was illuminated whereas the other remained dark. These two chambers were separated by a door that was closed at the beginning of each trial and could be opened by the experimenter. The test comprised two sessions separated by an interval of 24 h. Animals were placed in the illuminated chamber and, after 30 s, the door was opened. When the mouse crossed into the dark compartment, the door was closed and the mouse received a mild electric foot shock (1 mA for 3 s). Following this electric shock, mice were left for further 5 s within the apparatus and then removed and returned to their home cage. Twenty-four hours later, mice were tested for retention of the passive avoidance response to the shock by placing them into the illuminated compartment. Learning was operationally defined as a failure to enter the dark compartment within 3 min (Zohar et al. 2011) . No shock was delivered during the second day.
Data analysis
All results are shown as mean±standard error of mean. For cell culture studies, data was analyzed with SAS 9.1 (SAS Institute, Cary, NC, USA), and significant differences from controls or either glutamate/H 2 O 2 challenge was determined by Dunnett's multiple Student'st test, with Bonferroni correction, as required (p<0.05). Data from animal studies were analyzed using SPSS 17 software (Genius Systems, Petah Tikva, Israel). A one way ANOVA was used to analyze data for the behavioral paradigms: novel object recognition, Y maze, and elevated plus maze, and p values of post hoc tests were adjusted using Fisher's least significant difference (LSD) test utilizing a nominal significance level of 0.05. When a comparison was made between "familiar" and "novel" objects within a specific group to show the level of recall within the group, a student's t test was used. Results of the passive avoidance test were analyzed using the Kaplan-Meier test and are presented as percentages.
Results
Rat primary cortical neurons and human SH-SY5Y cells possess a functional GLP-1R that mediates neuroprotection The existence of the GLP-1R was confirmed on both the primary cerebral cortical neurons (Fig. 1a) and SH-SY5Y cells (not shown) used in the current study by RT-PCR of GLP-1R mRNA. To evaluate functionality, both cell types were exposed to GLP-1 and, as shown for rat primary cortical neurons (Fig. 1b) , Ex-4 elicited a 40-fold elevation in cAMP levels [increasing from 6.3 to 256.9 pM/mg protein (Student'st test p<0.001)].
SH-SY5Y cells proved susceptible to excess glutamate and oxidative stress. For glutamate (100 mM), this resulted in a loss of cellular viability of 54 % that was significantly mitigated by Ex-4 (Fig. 1d ) rescuing up to 30 % of this loss. Likewise, SH-SY5Y cells proved vulnerable to oxidative stress (Fig. 1e) . Cellular loss of 20 % and 40 % was evident following challenge with H 2 O 2 100 and 200 μM, respectively, which coincided with an elevation in LDH levels to 134 % and 165 % of control values (Fig. 1e) . Treatment with Ex-4 (100 nM) ameliorated this toxicity and provided significant protection. In a parallel study, primary cortical neurons proved highly vulnerable to excess glutamate (10 μM), inducing a 67 % loss of cell viability (Fig. 1c) that was fully mitigated by 300 nM Ex-4. Fig. 1 The GLP-1 receptor is both expressed and functional on cultured mouse primary cortical neurons, and its activation provides neuroprotection. a One step RT-PCR demonstrating GLP-1R mRNA expression in neuronal cell cultures. The predicted RT-PCR product size is 190 bp. The standard, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), was evident across all lanes (not shown). Lane 1 positive control; 2 negative control, respectively, which for the former RNA was extracted from Chinese hamster ovary cells stably transfected with rodent GLP-1R; 3 RNA extracted from primary neuron cultures. b Ex-4 (100 nM) stimulated cAMP release from primary cortical neurons that was markedly elevated (40-fold) versus resting Novel object recognition
The novel object recognition test was used in order to examine visual recognition memory of the mice, and was performed 7 and 30 days following either mTBI or a sham procedure. As shown in Fig. 2a-d , mTBI mice demonstrated a deficit in visual memory, as compared to sham mice, and spent less time near the new object, thereby providing a preference index of close to zero value. Importantly, Ex-4, in the absence of mTBI, was well tolerated and did not modify the animal's behavior.
Ex-4 Pre-mTBI administration In studies involving initiation of Ex-4 administration prior to mTBI and examination of mice 7 days following trauma, the Ex4+mTBI group demonstrated complete protection of visual memory, and mice performed on par with the sham group. In contrast, the untreated mTBI mice exhibited a lower visual memory ability compared with all other groups (Fig. 2a) . One-way ANOVA revealed a significant effect of group [F (3, 55) 04.93, p00.004]. Fisher's LSD post hoc analysis revealed that the preference index of the mTBI mice was significantly decreased compared to all other groups. Separate groups of mice were examined 30 days post-trauma to characterize the long-term influence of Ex-4 administration (Fig. 2b) . Albeit that the untreated mTBI group demonstrated a strong trend to a reduced preference index, the Ex-4 + mTBI group manifested a visual memory that compared favorably with sham mice. When the visual memory of the mice was assessed within the groups, all mice apart from mTBI animals showed a significant preference to the "novel" object compared to the "familiar" one (Student's t test p<0.01, data not shown).
Ex-4 post-mTBI administration In further studies, mice were administered Ex-4 following mTBI and examined 7 days post-trauma. The untreated mTBI one-way analysis of variance (ANOVA) showed that mTBI animals had a deficit in visual memory compared to all other groups [F (3, 41) 05.296, p00.004 Fisher's LSD post hoc, p<0.01]. Performance of mice was quantitatively assessed 7 and 30 days following mTBI as a preference index, calculated as (time near the new object−time near the old object)/(time near the new object+time near the old object). Values are mean±SEM group demonstrated a deficit in visual memory compared with sham mice (Fig. 2c) . In contrast, Ex-4+ mTBI mice displayed complete recovery. One-way ANOVA revealed a significant effect of group [F (3, 52) 04.456, p00.007]. Fisher's LSD post hoc analysis revealed that the preference index of the mTBI mice was significantly reduced compared with all other groups (Fig. 2c) . When visual memory was assessed within the groups, all groups with the exception of the untreated mTBI one showed a significant preference to the "novel" compared to the "familiar" object (Student's t test p<0.01, data not shown).
As above, separate groups of mice involving postmTBI administration of Ex-4 were evaluated 30 days post-trauma. As shown in Fig. 2d , untreated mTBI animals displayed a significant visual memory impairment compared to all other groups. In contrast, Ex-4+ mTBI mice demonstrated full recovery and were no different from the sham group. One-way ANOVA revealed a significant effect of group [F (3, 41) 05.296, p00.004]. Fisher's LSD post hoc analysis revealed that the preference index of the untreated mTBI group was significantly reduced compared to all other groups. As before, visual memory assessment within the groups determined that all groups, apart from the untreated mTBI one, showed a significant preference to the "novel" versus the "familiar" object (Student'st test p<0.01, data not shown).
In summary, the novel object recognition paradigm demonstrated an ability to differentiate untreated versus treated mTBI injured mice. Ex-4 provided both protection when administered prior to and full amelioration when given post-injury, as assessed at 7 and 30 days.
Y maze
Spatial memory was examined using the Y maze at 7 and 30 days following injury. However, in contrast to prior studies in which control (unchallenged) mice performed with a preference index of greater than 0.4 for the new versus the old arm (Baratz et al. 2010a, b) , this value was generally not achieved in the current study.
Ex-4 pre-mTBI administration All mice across groups and times performed with a Y maze preference index of 0.3 or less following either mTBI or sham injury, with the exception of Ex-4-treated sham mice assessed on day 7 (Fig. 3a, b) . No impairment was evident in mTBI challenged animals, and Ex-4-treated animals performed similar to sham controls.
Ex-4 post-mTBI administration A deficit in spatial memory in the mTBI alone cohort was apparent 7 days post-injury versus sham controls, with mTBI mice spending less time within the "novel" arm of the Y maze (preference index 0.1). Ex-4 treatment fully ameliorated this, and all treated animals performed similar to sham controls (preference index >0.3). One-way ANOVA revealed a significant effect of group [F (3,64) 03.439, p00.022] (Fig. 3c ). Fisher's LSD post hoc analysis revealed that the preference index of the mTBI mice was significantly less than all other groups. At 30 days, all groups performed with a preference index of 0.2 to 0.3, and no significant difference between groups was manifest (Fig. 3d) .
Elevated plus maze
Anxiety-like behavior following mTBI was evaluated by use of the elevated plus maze. As illustrated in Fig. 4a -b, mice examined 7 days post-mTBI or sham injury with or without Ex-4 pre-or post-treatment spent relatively little time in the open arm of the maze and could not be differentiated from one another. In contrast at 30 days, a statistically significant difference became apparent in one study (Fig. 4d ) in mice subjected to mTBI alone. One-way ANOVA revealed a significant effect of group [F (3,45) 03.421, p00.024], and Fisher's LSD post hoc analysis revealed that the time spent within the open arm was significantly reduced compared to all other groups.
In summary, anxiety-like behavior was no different between cohorts at 7 days, was detected at 30 days in one of the mTBI challenged groups, and was fully ameliorated by Ex-4 in this group.
Passive avoidance
The passive avoidance task was utilized to provide a simple evaluation of non-spatial learning and memory abilities. In large part, this task revealed a weak trend towards lower memory and learning abilities in the mTBI alone group compared to the control sham group at 7 (Fig. 5a, c ) and 30 days (Fig. 5d) . Pairwise comparisons revealed that the difference between the groups did not approach statistical significance and, in general, this trend was not apparent following either pre-or post-treatment with Ex-4.
In summary, across the four behavioral paradigms studied, a general pattern emerged. The mTBI alone groups presented a reduced performance, as compared to the sham mice, reaching statistical significance or demonstrating a noticeable trend at either 7 or 30 days post-injury. Ex-4 proved to be well tolerated in mice challenged with mTBI both prior and post-injury. These mice performed at levels that were not statistically different from the sham group in all behaviors and ameliorated any apparent mTBI-induced changes.
Discussion
In the present study, we report the efficacy of s.c. administered Ex-4, an effective and increasingly used drug in the treatment of T2DM, to ameliorate the behavioral sequelae of mTBI in a mouse model that shares key characteristics of the clinical situation.
Although mTBI represents a major and increasing public health concern, impacting some 1.7 million Americans annually (Faul et al. 2010) , currently there is no effective pharmaceutical therapy. Existing treatment principally involves intensive care management to stabilize a patient following injury, followed by symptomatic treatment (Moppett 2007; Marshall et al. 2012) , even though guidance on the treatment and management of those experiencing persistent symptoms is lacking (Berrigan et al. 2011) . These patients may suffer detrimental physical, cognitive, and/or behavioral/emotional symptoms that persevere for years after injury, which substantially impact their quality and duration of life (Hesdorffer et al. 2009 ). Hence, effectual treatment strategies for mTBI are a significant medical need, and the repurposing of an efficacious currently prescribed drug could rapidly lead to positive translational studies.
The biochemical processes induced by TBI that underlie the associated behavioral, cognitive, and physical impairments are being increasingly characterized. TBI damage can be classified as (1) focal, which occurs locally and involves injury to surrounding brain tissue and vessels, and (2) diffuse, which occurs widely throughout the brain (Sivanandam and Thakur 2012) . Mechanical stress generates compression as well as shearing of neuronal and vascular tissue at the time of impact, leading to axonal injury, brain swelling, and hypoxia (Laurer et al. 2000; Hellewell et al. 2010) . The occurrence of cell death following TBI, which we have previously characterized in our mTBI weight drop model (Tashlykov et al. 2009 ), is likely a key cause of neurological deficits and mortality. This initial injury may subsequently instigate biochemical and cellular changes that contribute to the initiation of secondary injury involving a process of neurochemical events that timedependently lead to additional damage. Indeed, in mTBI, unlike severe TBI, neurons are considered to be less affected by primary mechanical disruption and more susceptible to secondary events ). Whereas numerous neurons may become impaired and dysfunctional following mTBI, this is not necessarily an irremediable event. The status of the post-injury cerebral microenvironment together with compensatory responses to the initial and secondary damage create a setting in which the balance between pro-and anti-apoptotic biochemical cascades will ultimately promote either cell death or survival (Sivanandam and Thakur 2012) .
The activation of the GLP-1R, which is expressed widely within the central and peripheral nervous system, has been extensively described to provide neurotrophic actions and promote neural cell survival (Salcedo et al. 2012) . The GLP-1R belongs to the glucagon subfamily of class B1 G protein-coupled receptors (GPCRs). Following ligand binding and activation, these seven transmembrane domain proteins undergo a conformational change from an inactive to an active state to trigger a Gαs-mediated increase in cAMP production (Hoare 2005) . Downstream of cAMP, activation of PKA-, PI3K-, and MAPKmediated pathways has been reported (Li et al. 2009 (Li et al. , 2010a . This has been associated with the suppression of proapoptotic caspase-3 activity and BAX protein levels, and the augmentation of anti-apoptotic Bcl-2 and activating transcription factor-4 (ATF-4) protein levels. Under normal physiological conditions, brain GLP-1R expression primarily is localized to dendrites and synaptic regions of neurons (Hamilton and Hölscher 2009) and, in accord with prior studies Li et al. 2009 ), was present and functional in primary cortical neuron cultures (Fig. 1a, b) . To elucidate whether GLP-1R activation could shift the balance between neuronal death and survival after insults relevant to mTBI, neurons were challenged with excess glutamate and oxidative stress.
The relevance of these insults is that immediately following TBI, an overwhelming disturbance in cellular ion homeostasis, especially calcium ions, occurs that is instigated by the excessive release of excitatory amino acids, in particular glutamate, with the subsequent activation of glutamate receptors. Such calcium ion cellular influx is regarded as a pivotal event early post-TBI and leads to mitochondrial damage and an uncoupling of mitochondrial ATP synthesis, an increase in free radical production, changes in gene expression, and activation of calcium-dependent proteases including caspases and calpains inducing cellular damage and promoting apoptosis (Marklund and Hillered 2011) . Elevated extracellular glutamate is thus considered to play a primary role in mediating primary and secondary damage in mTBI as well as in cerebral ischemia Hossmann 1994; Siesjo et al. 1995) and numerous other neurodegenerative disorders (Lau and Tymianski 2010) . Altered glutamate receptor functioning (Zhang et al. 1996) has also been proposed to account for the vulnerability of neurons that undergo mTBI-related disruption and deformation after exposure to sub-lethal levels of extracellular glutamate . Such glutamate toxicity has long been linked to dose-dependent increases in free radicals and reactive oxygen species (LafonCazal et al. 1993; Reynolds and Hastings 1995) whose overproduction can derive from numerous sources, including the mitochondrial respiratory chain, elevated free Fe 2+ levels deriving from breakdown of Fig. 5 mTBI induced a trend towards impairment in performance in a passive avoidance paradigm that was not apparent following Ex-4 administration. The entrance index was defined as the percentage of mice failing to enter the dark chamber within 3 min on the second day. Performance of mice was quantitatively measured at 7 and 30 days post-mTBI. a-d Although no significant differences in performance were found across cohorts at either 7 or 30 days postinjury, trends to a reduced performance of the mTBI alone vs. sham control groups were apparent (a, c, d), which were not evident in groups administered Ex-4 either pre-or post-mTBI extravasated hemoglobin, oxidation of catecholamines, breakdown of membrane phospholipids, infiltrating neutrophils, and activation of nitric oxide synthetase (Marklund and Hillered 2011) , concomitantly occurring when endogenous antioxidant defense mechanisms are at their most challenged (Shohami et al. 1997; Marklund and Hillered 2011) . As illustrated in Fig. 1c, d , and e, GLP-1R activation, achieved by Ex-4, provided neuronal cultures significant protection from glutamate and oxidative stress-induced toxicity, in accord with its previously reported anti-apoptotic actions following lethal insult with hypoxia, amyloid-β peptide (Aβ), 6-hydroxydopamine, Fe
2+
, and trophic factor withdrawal (Li et al. 2009 (Li et al. , 2010a (Li et al. , b, 2012 Perry et al. 2002 . Of translational relevance, the administration of Ex-4 (10 μg s.c.) to humans achieves plasma levels of 200 pg/ mL (48 nM) (Calara et al. 2005) , which compares favorably to the doses studied herein.
As Ex-4 and related GLP-1 analogues appear to readily cross the blood-brain barrier and freely enter the brain following their systemic administration (Kastin et al. 2002; Kastin and Akerstrom 2003; Banks et al. 2003; Hunter and Holscher 2012) , Ex-4 was administered to rodents prior and post-mTBI to clarify whether neuroprotective actions associated with insults pertinent to mTBI in cellular studies translated in vivo. In accord with its route and extendedrelease administration in humans with T2DM (Lovshin and Drucker 2009; Barnett 2012) , Ex-4 was administered to mice s.c. under steady-state conditions for 7 days. This duration covered both immediate and late biochemical responses to mTBI that, for glutamate and oxidative stress, can last over days (Hinzman et al. 2010 (Hinzman et al. , 2012 . Our chosen Ex-4 dose [3.5 pM/kg/min (21 μg/kg/day)] was previously successfully utilized to ameliorate hyperglycemia and lower Aβ in 3xTg-AD mice (Li et al. 2009) , to mitigate the symptoms and pathology associated with amyotrophic lateral sclerosis in SOD1 G93A mutant mice , and to compare favorably with human studies focusing on glycemic control (once weekly exenatide LAR-2 mg/week provides 5.7 μg/kg/day for a 50-kg human; Drucker et al. 2008) .
Although no single animal TBI model perfectly mimics the human condition (Marklund and Hillered 2011) , our non-invasive weight drop mTBI model has been extensively characterized (Baratz et al. 2010a, b; Milman et al. 2005; Tashlykov et al. 2009; Zohar et al. 2011 ) and has features relevant to the human head injury that can occur in traffic accidents, sports injuries, and falls. Similar to the Marmarou weight drop model in the rat Foda and Marmarou 1994) , diffuse axonal injury occurs throughout the brain leading to diffuse neuronal loss and neuroinflammation, which are features predominant in the majority of human mTBI (Maas et al. 2007 (Maas et al. , 2008 . Unlike open cranium and focal TBI animal models (Marklund and Hillered 2011) , there is no contusion and focal site of tissue loss or lesion in our model (Tweedie et al. 2007 ). Furthermore, as animals are temporarily anesthetized during the procedure, there are no potential confounding effects associated with post-traumatic stress.
In accord with mTBI-induced behavioral changes previously reported in our weight drop model (Milman et al. 2005; Zohar et al. 2011; Baratz et al. 2010a, b) , memory impairments were apparent following mTBI in both the novel object recognition and, albeit to a lesser extent, the Y maze paradigm at the early and late observation times of 7 and 30 days. These tasks provide information related to visual and spatial memory (Sharma et al. 2010) . In addition, a trend towards impairment was apparent within the non-spatial passive avoidance learning task. These impairments were fully reversed by Ex-4, whether administered prior to mTBI as a protective strategy or after mTBI as an ameliorative strategy. In the latter scenario, pumps containing Ex-4 were implanted directly post-injury and it took a further 6 h to effectively initiate delivery (personal communication, Alzet Technical Support, Cupertino, CA, USA), thereby providing a postinjury treatment window of approximately 6-h duration. Anxiety levels following mTBI, assessed by the elevated plus maze paradigm (Alcalay et al. 2004) , have been reported to be largely unchanged in our model between 7 and 90 days post-injury with weight drops of up to 30 g (Zohar et al. 2011) . Our study was primarily in accord with this; however, a mTBI-induced increase in anxiety-like behavior was noted in one 30-day post-injury group (Fig. 4d) , as has occurred previously (Baratz et al. 2010a) , and this was fully ameliorated by Ex-4. In this regard, Ex-4 has not only been recently demonstrated to lack anxietyinducing actions (Strawn et al. 2008; Erreger et al. 2012) but to decrease a clinical index of anxiety in humans (Grant et al. 2011) .
Extensive clinical and basic data suggests that the brain, and in particular the hippocampus and cerebral cortex, is highly vulnerable to trauma that can commonly instigate apoptosis (Tashlykov et al. 2009; Tweedie et al. 2007 ) and neuroinflammation (Zipp and Aktas 2006; Baratz et al. 2010b) . In this regard, TBI is a strong epigenetic risk factor for Alzheimer's disease (Fleminger et al. 2003; Magnoni and Brody 2010) , which is characterized by the presence of extracellular senile amyloid plaques and intracellular neurofibrillary tangles (Sambamurti et al. 2002) . There are many pathological features shared between TBI and AD, including Aβ deposition, tau hyperphosphorylation, neurite degeneration, synaptic loss, and reactive microgliosis (Ikonomovic et al. 2004; Uryu et al. 2007; Sivanandam and Thakur 2012) , which can all be triggered by neuroinflammation (Frankola et al. 2011) . Recent studies suggest that GLP-1R stimulation in brain provides pleiotropic actions, augmenting synaptic plasticity, long-term potentiation, and cognitive processes (During et al. 2003; Porter et al. 2012 ). This provision of neuromodulatory and antiinflammatory activity (Harkavyi et al. 2008; Chaudhuri et al. 2012 ) may, in turn, protect synapses from Aβ-induced dysfunction, by both lowering Aβ and tau generation Li et al. 2010a; Bomfim et al. 2012 ) and inducing neurogenesis (Bertilsson et al. 2008 ) across numerous cellular and animal models (Salcedo et al. 2012) . Hence, it is likely that the beneficial actions of Ex-4 in our mTBI model are mediated at many levels.
In summary, the results of the current study support Ex-4 as a promising drug in the treatment of experimental mTBI that is worthy of further study. Administration pre-and post-injury resulted in full amelioration of behavioral deficits utilizing a clinically relevant dose and administration route. As GLP-1R stimulation has proved well tolerated and efficacious in the setting of human T2DM (Drucker et al. 2008; Lovshin and Drucker 2009; Gallwitz 2011) , one can postulate that drugs targeting the GLP-1R may perform similarly in neurological disorders. Clearly, this hypothesis requires testing in humans, and phase II clinical trials of Ex-4 for the treatment of Alzheimer's disease (clinicaltrial.gov identifier NCT01255163) and Parkinson's disease (clinicaltrial.gov identifier NCT01174810) are ongoing. As the insulinotropic, but not neurotrophic/protective, actions of Ex-4 appear to be glucose dependent, risk of hypoglycemia is low (Garber 2011) . In addition, Ex-4 is well tolerated in the elderly (Pawaskar et al. 2012) , whose functional outcome and mortality are particularly poor following mTBI.
